T
transforming growth factor ␤ (⌻GF-␤) exerts a wide variety of biological activities through transcriptional regulation of diverse genes (1) (2) (3) (4) . Smad2, Smad3, and Smad4 are the key intracellular mediators of TGF-␤ signaling. On binding of TGF-␤ to its transmembrane serine͞threonine kinase receptors, Smad2 and Smad3 are phosphorylated by the receptor, form complexes with Smad4, and accumulate in the nucleus to regulate transcription (1) (2) (3) (4) .
Smads are usually recruited to TGF-␤-responsive promoters through interactions with DNA-binding partners (1) (2) (3) (4) . The N-terminal domains of Smad3 and Smad4 also possess DNAbinding activities (5) (6) (7) (8) . The consensus-binding site for Smad3 and Smad4 is the 8-bp palindromic sequence GTCTAGAC, designated as the Smad-binding element (SBE) (5) . Most of the TGF-␤-responsive promoters contain one or more copies of the half-site GTCT or AGAC (1-4, 6, 7) .
Smads can activate transcription by recruiting transcriptional coactivators that include p300͞CBP, p͞CAF, ARC105, MSG1, and SMIF1 (1-4, 9, 10). The C-terminal domains of Smad3 and Smad2 can interact with p300͞CBP, which possess intrinsic histone acetyltransferase activities (refs. 11 and 12 ; reviewed in refs. [1] [2] [3] [4] . The Smad3 C-terminal domain can also recruit P͞CAF, another histone acetyltransferase-containing coactivator (9) . Smad-mediated transcriptional activation also requires the Smad activation domain in the linker region of Smad4 (13) . The Smad activation domain physically interacts with p300 (13) and also plays important roles in the recruitment of Smad4 coactivators MSG1 (10) and SMIF (4) .
Smads can inhibit transcription through binding of transcriptional corepressors (1, 3, 4) . Three Smad corepressors have been identified, including the homeodomain protein TG-interacting factor (TGIF) and the Ski and SnoN proteins that are related to each other (refs. 14-18; reviewed in refs 1, 3, 4, and 19) . TGIF can interact directly with histone deacetylase (HDAC) and also associate with the mSin3 and the C-terminal-binding protein (CtBP) corepressors (1, 3, 4, 14) . Ski and SnoN can interact with NcoR and mSin3, which recruit HDACs (15, 17, 18, 20) . Ski may also inhibit TGF-␤-induced transcriptional responses by competing with Smad2 and Smad3 binding to Smad4 (21) . The interactions between Smad2 and Smad3 with TGIF, and the interactions among Smad2, Smad3, and Smad4 with Ski͞SnoN are all mediated through the conserved C-terminal domains in Smads (1, 3, 4, (14) (15) (16) (17) (18) (19) .
Protein inhibitor of activated STAT (PIAS; STAT is signal transducer and activator of transcription) represents a family of proteins originally identified through interaction with cytokineinduced STAT (22) . In mammals, five PIAS proteins have been identified (23) . PIAS1 and PIAS3 bind and inhibit STAT1 and STAT3 DNA-binding activities, respectively (22, 23) . PIASy can inhibit STAT1-or androgen receptor-mediated transcriptional responses without blocking their DNA-binding activities (24, 25) and repress LEF1 activity by sequestration into nuclear bodies (26) . PIASx␣ and PIASx␤ are probably derived from alternatively spliced mRNA products of the same gene. PIASx␣ interacts with the androgen receptor and regulates its activity (27, 28) . PIASx␤ interacts with the homeodomain protein Msx2 (29) . PIAS1, PIAS3, PIASx␣, and PIASx␤ also regulate steroid receptor-dependent transcriptional activation (30) . In Drosophila, the PIAS ortholog dPIAS, initially identified as a suppressor of position effect variegation, designated Su(var)2-10, also known as Zimp (31), regulates chromosome structure and function (32) , and interacts with STAT92E to regulate eye and blood cell development (33) . In addition, the PIAS family has been shown to possess sumoylation ligase activity, which can promote the covalent addition of a small ubiquitin-related modifier to target proteins (26, 28, (34) (35) (36) (37) (38) (39) (40) (41) .
In an effort to search for new regulators of TGF-␤-signaling pathways, we performed a yeast three-hybrid screen by using both Smad3 and Smad4 as baits, and identified PIASy as a Smad-interacting protein. Our studies indicate that PIASy can inhibit Smad-mediated transcriptional responses by binding to Smads and HDAC.
Materials and Methods
Yeast Three-Hybrid Screen and Two-Hybrid Assay. Smad4 and Smad3 were cloned into the EcoRI and NotI sites of the pBridge three-hybrid vector (CLONTECH), respectively. The bait was used to screen a human fetal brain cDNA library and a human liver cDNA library (CLONTECH) in the AH109 yeast strain. To examine the interactions of PIASy with various Smads in yeast, Smad fused to the LexA DNA-binding domain in the pEG202 vector, and the PIASy cDNA cloned in the pJG4-5 vector were cotransformed into the EGY48 strain and analyzed for ␤-galactosidase activity as described (42) . COS or 293T cells were transfected by lipofectamine plus reagent. Immunoprecipitation, immunoblot, and detection of ternary complex were performed as described (43) . For detection of endogenous Smad3 and PIASy interaction, a Smad3-specific Ab (Zymed) and a PIASy-specific Ab (24) were used.
GST Pull-Down Assay. 35 S-labeled PIASy (15 l) synthesized by in vitro translation was mixed with 15 g of GST or GST-Smad3 beads in 1.0 ml of binding buffer (40 mM Hepes, pH 7.4͞100 mM KCl͞0.1% Nonidet P-40͞1 mM DTT͞0.1 mM PMSF) at 4°C for 2 h. The bound protein was analyzed by SDS͞PAGE and was visualized by autoradiography.
Generation of Tetracycline (tet)-Controlled PIASy Stable Clones.
Mouse PIASy cDNA was inserted into the pUHD10-3 hygromycin vector (44) and transfected by lipofectamine plus reagent into Mv1Lu tet-controlled transactivator (tTA) cells that harbor the bacterial tet repressor fused to the VP16 transcriptional activation domain (44) . PIASy stable clones were selected in the presence of 0.5 mg͞ml G418, 0.3 mg͞ml hygromycin, and 2 g͞ml tet for 2-3 wk. Of 20 clones analyzed, 4 clones expressed PIASy in the absence of tet, and inhibited TGF-␤ induction.
RNA Isolation and Northern Blot Analysis. The parental and the PIASy Mv1Lu tTA cells were maintained in the presence of 2 g͞ml tet. At the time of splitting the cells, half of the plates were continually cultured in the presence of tet, whereas the other half of the plates had tet removed. After removal of tet (30 h), cells were treated with 500 pM TGF-␤ in complete medium for the indicated time. Poly(A) ϩ RNA were then isolated and analyzed in Northern blot as described (45) .
Gel Mobility Shift Assay and DNA Affinity Precipitation. Flag-PIASy protein was purified from transfected 293T cells by anti-Flag M2 affinity gel. HaCaT cells were treated with or without 500 pM TGF-␤ for 1 h. Cell extracts were incubated with a 32 P-labeled 39-bp probe containing two copies of the SBE (5Ј-CTAGGAT-AGCGTCTAGACATAGTCTAGACTGAGTCCTAG-3Ј) (17) in the absence or presence of exogenously added Flag-PIASy protein, and analyzed by gel shift as described (45) . The DNA pull-down assay was carried out as described (14) . HaCaT cells were treated with or without 500 pM TGF-␤ for 1 h. Cell lysates (1 ml) containing 1 mg of protein were incubated with 0.5 g of biotinylated WT 2ϫ SBE oligonucleotide or mutant 2ϫ SBE oligonucleotide (5Ј-CTAGGATAGCACCTAAAAATAAC-CTAAAATGAGTTCTAG-3Ј), along with 10 g of poly(dI-dC) in the presence of exogenously added 250 ng of Flag-PIASy protein, followed by addition of streptavidin-agarose beads. The bound proteins were then analyzed by immunoblots.
Luciferase Reporter Gene Assay. Mv1Lu͞L17 cells in 60-mm dishes were transfected by DEAE-dextran and treated with or without 500 pM TGF-␤ for 18-24 h as described (45) . Luciferase activities were normalized with cotransfected renilla luciferase control. TSA was dissolved in DMSO as 1 mg͞ml stock solution. Various concentrations of TSA or the DMSO vehicle control were added at the same time as the addition of TGF-␤. Results are from three or more independent transfections.
Results

Identification of PIASy as a Smad-Interacting Protein from a Yeast
Three-Hybrid Screen. To identify Smad-interacting proteins, we performed a yeast three-hybrid screen by using both Smad4 and Smad3 as baits. Full-length Smad4 and Smad3 were cloned into the pBridge vector (CLONTECH), in which Smad4 was fused to the GAL4 DNA-binding domain and Smad3 was expressed as a native protein. The construct itself does not have significant basal transcriptional activity (data not shown). A number of Smad-interacting proteins, including several known ones, such as JunB and SnoN, were identified from screening 4 ϫ 10 6 transformants of a human fetal brain cDNA library and 2 ϫ 10 6 transformants of a human liver library. A partial cDNA clone of PIASy was identified from the fetal brain library. Subsequent analysis indicates that in yeast PIASy interacts strongly with Smad4 and also interacts with Smad3 and Smad2 as well as Smad1 that transduces the bone morphogenetic protein signal (Fig. 1A) .
PIASy Interacts with Smad3 and Other Smads in Mammalian Cells. To determine whether PIASy interacts with Smads in mammalian cells, Myc epitope-tagged Smad and T7-tagged PIASy were cotransfected into 293T cells. Cells were then subjected to immunoprecipitation by a T7 Ab followed by immunoblotting by a Myc Ab. As shown in Fig. 1 B and C, PIASy interacted most strongly with Smad3 in mammalian cells. The interaction between PIASy and Smad3 is increased in the presence of TGF-␤ and is mediated by the C-terminal domain of Smad3 ( Fig. 1 C and D) , which is necessary for transcriptional activation (1, 2) . The interaction between Smad2 and PIASy is also increased in the presence of TGF-␤, whereas TGF-␤ has little effect on the interaction between Smad4 and PIASy (Fig. 1C) . PIASy also associated with Smad3 in vitro (Fig.  1E) . Moreover, endogenous PIASy and Smad3 interacted with each other, and the interaction was increased by TGF-␤ treatment as analyzed in HaCaT keratinocytes (Fig. 1F) .
Smad3, Smad4, and PIASy Can Form a Ternary Complex. Because both Smad3 and Smad4 are essential for transcriptional activation (1-4), we determined whether Smad3, Smad4, and PIASy can form a ternary complex. Flag-PIASy, Myc-Smad3, and Smad4-HA were cotransfected into COS cells. Cell lysates were immunoprecipitated by Flag Ab coupled to agarose beads. The immunoprecipitates were eluted with Flag peptide, and the eluent was used in a second immunoprecipitation by Myc Ab agarose beads, followed by immunoblot with a HA Ab. As shown in Fig. 2A , a ternary complex was detected only when all three components were present, and TGF-␤ treatment increased the ternary complex formation. Moreover, cotransfection of Smad4 increased the interaction between Smad3 and PIASy (Fig. 2B) . Similarly, cotransfection of Smad3 increased the association between Smad4 and PIASy (Fig. 2C ). These observations suggest that Smad4 stabilizes Smad3-PIASy association and that Smad3 stabilizes Smad4-PIASy interaction.
PIASy Inhibits TGF-␤͞Smad-Mediated Transcriptional Responses. To investigate the functional significance of PIASy-Smad interaction, we examined the effects of PIASy on TGF-␤͞Smad-dependent transcriptional responses. Mv1Lu͞L17 mink lung epithelial cells were transiently cotransfected with PIASy and A3-Lux or 3TP-Lux, which are two well characterized TGF-␤-responsive reporter genes. As shown in Fig. 3 , PIASy inhibited the TGF-␤-induced transcriptional activation of the two reporter genes in a dose-dependent manner. Interestingly, PIASy had little effect on Smad7 reporter gene in the same assay (data not shown), suggesting that PIASy may selectively inhibit TGF-␤-responsive genes.
To determine whether PIASy can inhibit endogenous TGF-␤-responsive genes, we generated tet-controlled PIASy stable clones, using a tet-off system. The established Mv1Lu tTA cells contain the bacterial tet repressor fused to the VP16 activation domain (44) . PIASy was transfected into the Mv1Lu tTA cells. The expression of PIASy was under the control of the tet operon. Tet binding to the tet repressor-VP16 fusion inhibits activation of PIASy expression, whereas removal of tet allows activation of PIASy expression. We obtained several PIASy stable clones that expressed PIASy only in the absence of tet, but not in the presence of tet. A representative PIASy clone was analyzed for the PIASy induction time course after removal of tetracycline. As shown in Fig. 4A , PIASy expression reached Ϸ80-90% of maximal level after 30 h and peaked after Ϸ48 h.
The PIASy clone was analyzed further for the expression of several TGF-␤͞Smad-responsive genes by Northern blot analysis. For comparison, the parental Mv1Lu tTA cells were also analyzed in parallel. Thirty hours after removal of tet, TGF-␤ was added to plates that contained tet, and to plates not containing tet. RNA was prepared from untreated and TGF-␤-treated cells at different time points. The RNA samples were analyzed for the expression of p15, plasminogen activator inhibitor 1 (PAI-1), JunB, and Smad7, as well as GAPDH as a control. The PAI-1, JunB, and Smad7 are TGF-␤-inducible early or immediate early responsive genes, whereas TGF-␤ induction of p15 starts at 2 h and peaks at 8 h in Mv1Lu cells (44) . As shown in Fig. 4B , PIASy greatly inhibited the TGF-␤ induction of p15 and PAI-1, moderately inhibited the early response of the JunB gene, and had little effect on the expression of the Smad7 gene, which is consistent with transient transfection data. Similar results were obtained from another PIASy clone (data not shown).
PIASy Does Not Inhibit Smad DNA-Binding Activity. We examined whether the inhibitory effect of PIASy occurred through inhibition of Smad complex binding to DNA. Flag-PIASy protein was expressed and purified from 293T cells by using the Flag Ab affinity beads. Untreated or TGF-␤-treated HaCaT cell extracts were incubated with the 39-bp 2ϫ SBE probe (17) in the absence or presence of purified PIASy protein. As shown in Fig. 5A , TGF-␤ treatment induced the formation of a DNA-protein complex. We and others have previously shown that this DNAprotein complex represents a Smad complex containing Smad3 and Smad4 binding to the SBE (17, 45) . Exogenous Flag-PIASy protein did not inhibit the DNA-binding activity of the Smad complex (Fig. 5A) . Similar results were obtained by using GST-PIASy protein or cell extracts from Smad3-, Smad4-, and PIASy-cotransfected cells (data not shown).
Because Flag-PIASy protein did not result in a convincing supershift of the Smad-DNA complex in the gel mobility shift assay, it is possible that the PIASy-Smad-DNA complex is unstable. To determine whether PIASy and Smads can interact on DNA, we performed DNA affinity precipitation experiments by using a biotinylated SBE oligonucleotide. As shown in Fig. 5B , immunoprecipitation of the biotinylated SBE oligonucleotide by streptavidin beads followed by immunoblotting of the precipitates by PIASy Ab revealed that PIASy can be recruited to the WT SBE oligonucleotide, but not to mutant SBE oligonucleotide. In addition, similar to Smad3 and Smad4, PIASy binding to SBE was increased by TGF-␤ treatment (Fig. 5B) . Thus, PIASy can be recruited to the SBE on DNA through interaction with Smads.
PIASy Represses Smad Transcriptional Activity. Because PIASy does not inhibit Smad DNA-binding activity, we analyzed whether PIASy can directly inhibit Smad transcriptional activity. We used a GAL4 fusion assay by fusing Smad3 to the GAL4 DNA-binding domain. As shown in Fig. 5C , PIASy inhibited both the basal and TGF-␤-induced transcriptional activity of GAL4-Smad3 in a dosedependent manner, whereas it had only a modest effect on the GAL4 DNA-binding domain alone. Thus, PIASy inhibition of TGF-␤͞Smad-mediated transcriptional responses can occur directly by repression of Smad transcriptional activity. TSA enhanced the luciferase activity in a dose-dependent manner, but the effect was much more significant in the presence of cotransfected PIASy than in the absence of PIASy. Thus, PIASy can repress transcription in an HDAC-dependent manner.
Discussion
We have shown in this article that PIASy inhibits TGF-␤ transcriptional responses. Smad3, Smad4, and PIASy can form a ternary complex. PIASy can associate with HDAC1, and the inhibitory effect of PIASy can be disrupted by treatment with TSA. Taken together, our studies suggest that PIASy can inhibit TGF-␤-mediated transcription by recruiting HDAC to Smads. Similarly, PIASx␤, another member of the PIAS family, can interact with HDAC3 (46), which is in the same class as HDAC1. PIASx␣ and PIASx␤ have also been implicated to recruit HDAC to inhibit IL-12-mediated and STAT4-dependent gene activation (47) . Thus, some PIAS proteins may repress transcription through association with HDAC.
Interestingly, PIASy selectively inhibits a subset of TGF-␤-regulated genes. Previous studies (1, 3, 4, (14) (15) (16) (17) (18) (19) have shown that Smad proteins can repress transcription by recruiting transcriptional corepressors, such as TGIF, Ski, and SnoN. It appears that PIASy, TGIF, and Ski͞SnoN have distinct promoter specificities. For example, TGF-␤ induction of p15 is greatly inhibited by overexpression of PIASy but is not inhibited by overexpression of Ski (16) . Conversely, the early responsiveness of JunB to TGF-␤ is only moderately inhibited by overexpression of PIASy but is significantly inhibited by overexpression of Ski (15) . The mechanisms by which PIASy, TGIF, and Ski͞SnoN target distinct promoters remain to be a challenging issue. One possibility is that PIASy, TGIF, and Ski͞SnoN are present in different corepressor complexes that inhibit distinct sets of promoters. PIASy and TGIF also seem to have some overlapping functions. For example, overexpression of TGIF can also inhibit TGF-␤ induction of p15 gene (48) , although it appears not as potently as by PIASy overexpression. Both TGIF and PIASy may inhibit TGF-␤ activated Smad complex, whereas Ski͞SnoN have been proposed to function as corepressors for Smad4 to maintain TGF-␤-responsive genes in a repressed state in the absence of TGF-␤, and may contribute to TGF-␤ signal termination (18, 19) . The presence of multiple regulators that share overlapping functions in the same cells confers ample flexibility under complex circumstances.
In addition, PIASy, TGIF, and Ski͞SnoN are differentially expressed in various tissues (19, 25, 49, 50) , which may allow them to respond differently to the TGF-␤ superfamily signals or other developmental cues, thus conferring cell-type-specific functions. PIASy is expressed in the mouse as early as day 7.5 of gestation (49) . In situ hybridization experiments indicate that PIASy is expressed in the neuroepithelium, limb buds, and the dermal structure (49) . In adult, PIASy is ubiquitously expressed, with the highest expression in testis (25) and low expression in liver and lung (49) . PIASy is expressed in all three tissue culture cell lines we examined, including HaCaT, Mv1Lu, and COS cells. Whether various extracellular signals can affect PIASy levels remains to be addressed. TGIF is highly expressed in testis, ovary, and placenta, and its expression is low in skeletal muscle, heart, and brain in human adult tissues (50) . Ski is expressed at high levels in hematopoietic stem cells, and at low levels in a variety of other tissues (19) . The expression of SnoN is regulated by various treatments, including by TGF-␤ (18, 19) .
Distinct from TGIF and Ski͞SnoN, PIASy as well as other PIAS family members have small ubiquitin-related modifier E3 ligase activities (26, 28, (34) (35) (36) (37) (38) (39) (40) (41) . Because the ring domain mutant PIASy has a significantly lower repression activity in the reporter gene assay (data not shown), it is possible that sumoylation may play a role in PIASy-mediated transcriptional repression. HDAC1 itself may be a target for sumoylation by PIAS proteins. A previous study (51) has demonstrated that HDAC1 is sumoylated both in vivo and in vitro. Moreover, mutation of the sumoylation sites in HDAC1 reduces its transcriptional repression activity in reporter gene assays (51) . Similarly, sumoylation is necessary for the proper localization and function of CtBP, and certain PIAS proteins as well as the polycomb protein Pc2 can function as small ubiquitin-related modifier E3 ligases for CtBP (39, 52) . Alternatively, sumoylation of Smads may be necessary for PIASy repression of TGF-␤-responsive genes.
Finally, it appears that PIASy can use different modes to inhibit transcriptional responses. PIASy can antagonize the activities of STAT1 (24) , androgen receptor (25) , p53 (53), LEF1 (26) , and Smads. PIASy inhibits STAT1 and androgen receptor activities without interfering with their DNA-binding activities (24, 25) , whereas the repression of p53 activity appears to be through inhibition of p53 binding to DNA (53) . The inhibitory effect on LEF1 was shown to be through sequestration of LEF1 into nuclear bodies (26) . In addition, recent studies have shown that several corepressors, such as CtBP, ligand-dependent nuclear receptor corepressor LCoR, and several repressors, such as Ikaros and Rb, can inhibit transcription in HDAC-dependent and -independent manners, based on different promoter contexts (54, 55) . It will be interesting to determine whether PIASy and other PIAS members can inhibit the various responsive promoters through distinct transcriptional repression mechanisms.
In conclusion, we have identified PIASy as a regulator of TGF-␤͞Smad-signaling pathways. We have shown that PIASy can interact with Smads and HDAC and repress TGF-␤͞Smad-mediated transcription in an HDAC-dependent manner, suggesting that PIASy can inhibit transcription by recruiting HDAC to Smads. Interestingly, PIASy selectively inhibits a subset of endogenous TGF-␤͞Smad-responsive genes. Our findings provide insights into transcriptional regulation by Smads and PIAS proteins that play important roles in a wide variety of biological responses.
